Introduction {#s1}
============

The ability to manipulate genomes precisely is revolutionizing the biological sciences ([@bib7]). Of particular utility is the modification or insertion of customized DNA sequences at a specific genomic location by homology-directed repair (HDR) ([@bib12]). For genome engineering in cells, HDR typically involves the generation of a specifically targeted DNA double-strand break (DSB) in the presence of a homologous DNA donor template that contains the desired sequence to be modified or inserted ([@bib24]; [@bib4]; [@bib14]; [@bib6]; [@bib19]).

A key challenge in successful genome editing has been the low efficiency of HDR ([@bib5]; [@bib10]). For the generation of specific alterations in a short stretch of DNA (\<50 nt), recently developed techniques such as base editing ([@bib21]; [@bib18]) and prime editing ([@bib2]) have been shown to be highly effective. In addition, for the imprecise insertion of larger DNA fragments, homology-independent approaches can be used ([@bib3]; [@bib11]; [@bib23]). These powerful methods cannot, however, be used for the precise insertion or replacement of \>50 bp DNA fragments, such as those containing the coding regions of genes. For such applications, we considered a different strategy for increasing the efficiency of HDR in cells. Based on our previous observation that homologous strand pairing, an early step in HDR, occurs more efficiently with a chromatin donor template than with a plain (naked) DNA donor template in vitro ([@bib1]), we postulated that HDR in cells might similarly be more efficient with a chromatin relative to a naked DNA donor template.

In this study, we tested this idea by comparing the efficiency of HDR with chromatin versus naked DNA donor templates in conjunction with DSBs generated by the clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 system. We found that the overall HDR efficiency as well as the frequency of homozygous editing is enhanced by the use of a chromatin donor template relative to a DNA donor template. We thus envision that a chromatin donor template, which resembles the natural form of DNA in the nucleus, could be widely used to increase the success of HDR-mediated applications, particularly those that involve the targeted insertion of DNA fragments such as the coding regions of genes.

Results {#s2}
=======

To ascertain whether the use of chromatin donor templates affects the efficiency of HDR in cells, we reconstituted three DNA donor templates (corresponding to the human *GAPDH*, *RAB11A*, and *ACTB* loci) into chromatin and tested the relative efficiencies of the targeted insertion of the GFP coding sequence with chromatin versus naked DNA versions of these templates ([Figure 1](#fig1){ref-type="fig"} and [Figure 1---figure supplements 1](#fig1s1){ref-type="fig"}--[4](#fig1s4){ref-type="fig"}). The chromatin was reconstituted by using salt dialysis methodology with plasmid DNA and purified core histones from *Drosophila* embryos, which contain a broad mixture of covalent modifications that have not been precisely resolved ([@bib17]). With standard CRISPR-Cas9 methodology and human MCF10A cells (non-tumorigenic epithelial cells derived from human mammary glands), we observed that the use of a chromatin donor template relative to a naked DNA donor template resulted in a 7.4-, 2.9-, and 2.3-fold increase (average of three biological replicates) in the directed insertion of GFP sequences at the *GAPDH*, *RAB11A*, and *ACTB* loci, respectively ([Figures 1B, C and D](#fig1){ref-type="fig"} and [Figure 1---figure supplements 3](#fig1s3){ref-type="fig"} and [4](#fig1s4){ref-type="fig"}). Thus, at three different loci (*GAPDH*, *RAB11A*, and *ACTB*) in human MCF10A cells, there was a higher efficiency of HDR-mediated GFP insertion with chromatin donor templates than with naked DNA donor templates.

![The efficiency of HDR-mediated gene editing with CRISPR-Cas9 is higher with chromatin donor templates than with DNA donor templates.\
(**A**) Schematic outline of the workflow in the CRISPR-Cas9-mediated editing experiments with DNA or chromatin donor templates. The HDR-mediated insertion of the GFP sequence was directed to different loci as follows. Plasmid DNA containing the coding sequence for Cas9-T2A-mCherry and a target-specific sgRNA sequence was co-transfected into different human cell lines with the corresponding HDR donor template as either DNA or chromatin. At 24 hr post-transfection, mCherry-positive cells were enriched by FACS and cultured for an additional 10 days. The expression of GFP was then analyzed by flow cytometry, and individual GFP-positive cells were sorted by FACS to generate independent clones. To determine whether there was partial or complete conversion of the multiple chromosomes containing the target genes, genomic DNA samples from each of several independent GFP-positive clones were analyzed by PCR. In addition, the precise integration of the GFP sequence at the target sites in representative edited clones was confirmed by DNA sequencing. These experiments were performed under standard CRISPR-Cas9 genome-editing conditions, as in [@bib20]. (**B**) Flow cytometry analysis reveals an increase in GFP-positive cells with chromatin relative to DNA donor templates. HDR experiments were performed, as outlined in A with MCF10A cells and *GAPDH*, *RAB11A*, or *ACTB* donor templates. The population of GFP-positive cells was gated based on control cells that show no GFP expression (no donor template; upper panel; see also [Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}). Representative data from one out of three independent experiments are shown. The results of the other two biological replicates are in [Figure 1---figure supplement 4](#fig1s4){ref-type="fig"}. The percentage of GFP-positive cells is indicated in each plot. FSC-A: forward scatter area. (**C**) Individual results from three independent experiments with each of the target loci. The data points from each independent experiment are designated with the same colored dots. The mean and standard deviation are indicated for each set of experiments. The *p*-values were determined by using Welch\'s t test. \*\*, *p *\<0.01; \*, *p *\<0.05. The calculated *p*-values are as follows: *p *= 0.0062 for the *GAPDH* data set; *p *= 0.017 for the *RAB11A* data set; *p *= 0.048 for the *ACTB* data set. (**D**) The use of chromatin relative to naked DNA donor templates results in a 2.3- to 7.4-fold enhancement of GFP-positive cells. The data for each of three independent HDR experiments with each locus are shown. The bars represent mean and standard deviation for each locus.](elife-55780-fig1){#fig1}

For many applications of HDR, it is essential to modify all of the copies of the target gene. Therefore, to test the frequency of occurrence of precise homozygous gene editing in the diploid MCF10A cells, we carried out PCR analyses of the individual GFP-positive clones, and we observed a variable but consistently higher frequency of homozygous HDR insertions with chromatin donor templates than with naked DNA donor templates at all three loci (*GAPDH*, *RAB11A*, and *ACTB*) in MCF10A cells ([Figure 2](#fig2){ref-type="fig"} and [Figure 2---figure supplements 1](#fig2s1){ref-type="fig"}--[5](#fig2s5){ref-type="fig"}). At the *GAPDH* locus, the use of chromatin relative to naked DNA donor templates resulted in a 2.1-fold increase in homozygous editing. At the *RAB11A* locus, there was a high frequency of homozygous insertions with the naked DNA donor template, and the use of a chromatin donor template only slightly augments (1.1-fold increase) the percentage of homozygous clones. Strikingly, at the *ACTB* locus, homozygous insertions were observed only with a chromatin donor template. These findings thus show that the use of chromatin relative to naked DNA donor templates can increase the efficiency of homozygous editing.

![The use of chromatin donor templates increases the efficiency of HDR-mediated homozygous gene editing relative to that seen with DNA donor templates.\
(**A**) PCR analysis of gDNA from MCF10A GFP-positive clones. Three independent HDR experiments were performed as shown in [Figure 1A](#fig1){ref-type="fig"}, and the gDNA from individual GFP-positive clones was analyzed by PCR. The positions of the PCR amplification products from edited and wild-type alleles are indicated. The PCR products derived from control wild-type cells are also included (left lane of each panel). The asterisks indicate imperfect clones that appear to contain at least one improperly edited chromosome, as indicated by either the absence of an edited chromosome or the presence of a PCR product whose size is not consistent with that of an edited or wild-type chromosome. The positions of the primer pairs (F1, R1) in the PCR analysis of each locus are shown in [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}. The results from a representative subset of the GFP-positive clones are shown. The complete set of PCR results are in [Figure 2---figure supplements 2](#fig2s2){ref-type="fig"}, [3](#fig2s3){ref-type="fig"} and [5](#fig2s5){ref-type="fig"}. (**B**) The percentages of GFP-positive homozygous clones in three independent HDR experiments at each of the target loci. The results from each independent experiment (with DNA versus chromatin donor templates) are denoted with a connector line. The *p*-values were determined by using Welch\'s t-test. The calculated *p*-values are as follows: *p *= 0.062, *p *= 0.56, and *p *= 0.17 for the *GAPDH*, *RAB11A* and *ACTB* data sets, respectively. (**C**) Summary of the PCR analysis. MCF10A cells are diploid, and each clone was classified as homozygous (with two precisely edited chromosomes), heterozygous (with one precisely edited chromosome and one wild-type chromosome), or imperfect, as defined in A.](elife-55780-fig2){#fig2}

We also observed imperfect editing, in which there was at least one improperly edited chromosome, as indicated by either the absence of an edited chromosome or the presence of a PCR product whose size is not consistent with that of an edited or wild-type chromosome. In addition, by performing long-range PCR as in [@bib16], we identified two apparently homozygous clones that contained one chromosome with a precisely edited allele and one chromosome with a large deletion at the other allele ([Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}). Hence, in the generation of homozygous clones, it is important to carry out both standard and long-range PCR analyses.

The overall efficiency of achieving homozygous editing in diploid MCF10A cells was 15-fold (7.4 × 2.1) at the *GAPDH* locus, 3.2-fold (2.9 × 1.1) at the *RAB11A* locus, and large but not quantifiable at the *ACTB* locus, at which we saw homozygous editing only with a chromatin donor template. The *ACTB* locus serves as an example in which the use of a chromatin template relative to a naked DNA template was the difference between a successful and an unsuccessful HDR experiment.

To determine whether a chromatin donor template affects the efficiency of HDR in a different cell line, we examined the insertion of GFP sequences at the *GAPDH* locus in HeLa cells, which are human cervical adenocarcinoma cells that are widely used in biomedical research. HeLa cells are aneuploid and contain four copies of the *GAPDH* gene, which is located on chromosome 12. In these experiments, we observed that the use of a chromatin donor template results in a 2.3-fold increase (average of three biological replicates) in the efficiency of insertion of the GFP sequence in at least one *GAPDH* locus in HeLa cells ([Figure 3A, B](#fig3){ref-type="fig"} and [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). We then examined the formation of homozygous edited clones that are generated upon targeted insertion of the GFP sequence at all four copies of the *GAPDH* locus in HeLa cells. In this analysis, we found a substantial increase (5/18 clones versus 1/21 clones) in the efficiency of formation of homozygous clones with the use of a chromatin donor template instead of a naked DNA donor template ([Figure 3C,D,E](#fig3){ref-type="fig"} and [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}). Hence, these results show a strong enhancement of HDR by using a chromatin relative to a naked DNA donor template in HeLa cells.

![The efficiency of HDR-mediated gene editing with CRISPR-Cas9 is higher with a chromatin donor template than with a DNA donor template in HeLa cells.\
(**A**) The use of a chromatin donor template relative to a naked DNA donor template results in an increase of GFP-positive cells. HDR experiments were performed as depicted in [Figure 1A](#fig1){ref-type="fig"} with HeLa cells and the *GAPDH* locus donor template. The population of GFP-positive cells was gated based on control cells that show no GFP expression (no HDR donor; left panel). Representative data from one out of three independent experiments are shown. The results of the other two biological replicates are in [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}. The percentage of GFP-positive cells is indicated in each plot. FSC-A: forward scatter area. (**B**) Individual results of flow cytometry analysis from three independent experiments with the *GAPDH* locus and HeLa cells. The data points from each independent experiment are designated with the same colored dots. The *p*-value was determined by using Welch\'s t-test. \*\*\*, *p *\<0.0001. The mean and standard deviation are indicated. (**C**) The use of a chromatin HDR donor template results in an increase in the efficiency of homozygous edited clones relative to that seen with a DNA donor template. PCR analysis of edited genomic DNA was carried out as in [Figure 2A](#fig2){ref-type="fig"}. The positions of the PCR amplification products from edited and wild-type chromosomes are shown. The PCR products from control wild-type cells are also included (left lane). The results from a representative subset of the GFP-positive clones are shown. The results from the other GFP-positive clones that were analyzed are in [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}. (**D**) Summary of the PCR analysis of clones obtained in the HDR-mediated insertion of GFP sequences at the *GAPDH* locus in HeLa cells. The homozygous clones have four copies of the integrated GFP sequence, the heterozygous clones have one to three copies of the integrated GFP sequence, and the imperfect clones appear to contain improperly edited chromosomes, as indicated by either the absence of an edited chromosome or the presence of a PCR product whose size is not consistent with that of an edited or wild-type chromosome. (**E**) The percentages of GFP-positive homozygous clones in two independent HDR experiments. The results from each independent experiment (with DNA versus chromatin donor templates) are denoted with a connector line.](elife-55780-fig3){#fig3}

We additionally tested the effect of varying the amount of donor template DNA (as chromatin or naked DNA) upon the efficiency of HDR ([Figure 3---figure supplement 3](#fig3s3){ref-type="fig"}). To this end, we used 0.5, 1.0, and 1.5 times the mass of DNA as in a standard experiment with the *GAPDH* donor template in HeLa cells. At each of the three amounts of donor template, we consistently saw a higher efficiency of generation of GFP-positive cells with chromatin relative to naked DNA. Moreover, there was an increase in the fold-enhancement by chromatin as the amount of donor template was increased. We thus observed that a chromatin donor template functions better than a naked DNA donor template for HDR at different concentrations.

Because chromatin has rarely been used in cell transfection experiments, we also investigated the toxicity of chromatin relative to naked DNA in five different human cell lines ([Figure 3---figure supplement 4](#fig3s4){ref-type="fig"}). These experiments revealed that chromatin is of comparable or lower toxicity to cells relative to naked DNA in transfection experiments. This low toxicity of chromatin to cells could be useful for HDR applications in which there is low cell viability after transfection.

Discussion {#s3}
==========

Here we show that the efficiency of HDR-mediated gene editing can be increased by using a chromatin donor template instead of a naked DNA donor template. Why is chromatin more effective as an HDR donor template than naked DNA? We suggest that chromatin, as the natural form of DNA in the eukaryotic nucleus, is the preferred substrate (relative to naked DNA) for the factors that mediate homologous recombination in cells. In previous biochemical studies, we and others found that eukaryotic Rad51 and Rad54, but not bacterial RecA, can mediate homologous strand pairing, an early step in HDR, with a chromatin donor template ([@bib1]; [@bib13]). Moreover, we observed that homologous strand pairing occurs more efficiently with a chromatin donor template than with a naked DNA donor template ([@bib1]). Hence, the new findings on HDR with chromatin donor templates in cells are consistent with the results of the earlier biochemical studies on homologous strand exchange.

In general, a wide range of efficiencies of HDR has been observed in different cell types and with different methodologies. A common factor in these HDR experiments has been, however, the use of a non-chromatin donor template. In this work, we sought to focus specifically on directly comparing the relative efficiencies of HDR with chromatin versus naked DNA donor templates. In these experiments, we consistently observed a higher efficiency of HDR with chromatin relative to naked DNA. These effects include the increased efficiency of targeted insertion of GFP sequences in both loci of a diploid chromosome and in all loci of a tetraploid chromosome. These findings therefore suggest that the use of a chromatin donor template instead of a naked DNA donor template would be a broadly useful strategy for the precise insertion or replacement of DNA sequences via HDR with different methods. Moreover, transfection of chromatin donor templates, which can be simply prepared by salt dialysis methodology with purified DNA and core histones, does not affect cell viability. Thus, current methods for HDR can be easily adapted to include chromatin donor templates in place of their naked DNA counterparts.

In this regard, it is notable that we reconstituted chromatin by using native core histones from *Drosophila* embryos. These histones contain an undefined broad mixture of covalent histone modifications ([@bib17]). Because the core histones and their modifications are highly conserved throughout eukaryotes, it seems likely that similar results would be obtained with core histones from other sources. It is possible, however, that the magnitude of enhancement of HDR by chromatin could be further increased by variation of the core histone sequences and modifications.

In conclusion, although there are excellent techniques for the alteration of short (\<50 bp) stretches of DNA ([@bib21]; [@bib18]; [@bib2]), there remains a need for increasing the efficiency of the specific insertion or replacement of longer DNA segments that may contain sequences such as the coding regions of genes. We anticipate that chromatin donor templates might be particularly useful for such applications. In addition, we expect that many new gene editing techniques will be developed in the future, and that some of these methods will benefit from the use of chromatin donor templates. Furthermore, the low toxicity of chromatin to cells may be useful for many current and future methods. There is considerable potential to the use of the natural form of the donor template in gene editing experiments. It is our hope that these findings will advance the utility of precise genome editing in basic, translational, and clinical research.

Materials and methods {#s4}
=====================

To ensure the reproducibility of the results, at least two biological replicates were performed for each experimental condition. The exact number of replicates of each experiment is indicated in its associated figure legend.

DNA constructs {#s4-1}
--------------

CRISPR RNA (crRNA) sequences targeting the *GAPDH*, *RAB11A*, or *ACTB* loci were each inserted into the pU6-(BbsI)CBh-Cas9-T2A-mCherry vector (Addgene plasmid \# 64324) as described ([@bib20]). The crRNA sequences that were used are as follows: *GAPDH*, GAGAGAGACCCTCACTGCTG; *RAB11A*, GGTAGTCGTACTCGTCGTCG; *ACTB*, GGTGAGCTGCGAGAATAGCC. The donor template plasmid for the modification of the *GAPDH* locus was generated as follows. Two homology arm (HA) sequences (\~1 kb each) were PCR-amplified with Phusion polymerase (NEB) and genomic DNA (gDNA) from HeLa cells. The oligonucleotides that were used are as follows (the upper case letters are complementary to *GAPDH* or T2A-EGFP sequences): 5\' HA, agagataagcttGGACACGCTCCCCTGACTT, agagatggatccCTCCTTGGAGGCCATGTGGG; 3\' HA, tgatagggtaccCCTGCCACACTCAGTCCC, tgataggaattcGCTGGGGTTACAGGCGTGCG. The T2A-EGFP sequence was PCR-amplified from the PX461 plasmid (Addgene plasmid \# 48140) with the following oligonucleotides: agagatggatccGAGGGCAGAGGAAGTCTGCT and agagatggtaccTTACTTGTACAGCTCGTCCA. Then, the three DNA fragments were sequentially subcloned into the pBluescript KS vector (Stratagene). The 3\' HA sequence was inserted between the KpnI and EcoRI sites; the T2A-EGFP sequence was inserted between the BamHI and the KpnI sites; and the 5\' HA sequence was inserted between the HindIII and the BamHI sites. All restriction enzymes were from NEB. The donor template plasmid for the modification of the *RAB11A* locus was Addgene plasmid \# 112012, and the donor template plasmid for the modification of the *ACTB* locus was Addgene plasmid \# 87425.

Chromatin reconstitution {#s4-2}
------------------------

Native *Drosophila* core histones from embryos collected from 0 to 12 hr after egg deposition were purified as described ([@bib9]; [@bib15]). The donor repair template plasmids were purified with the HiSpeed plasmid kit (Qiagen). The optimal histone:DNA ratio for each donor repair template was determined by carrying out a series of reactions with different histone:DNA ratios and then assessing the quality of chromatin by the micrococcal nuclease digestion assay, as described ([@bib9]; [@bib15]). Chromatin was reconstituted with purified core histones by using the salt dialysis method ([@bib22]; [@bib8]). In a typical chromatin reconstitution reaction, 50 µg plasmid DNA and 50 µg core histones were combined in TE buffer (10 mM Tris-HCl, pH 8, containing 1 mM EDTA) containing 1 M NaCl in a total volume of 150 µL. The mixture was dialyzed at room temperature against the following buffers in the indicated order: 2 hr in TE containing 0.8 M NaCl; 3 hr in TE containing 0.6 M NaCl; 2.5 hr in TE containing 50 mM NaCl. The quality of the resulting chromatin was assessed by using the micrococcal nuclease digestion assay, and the chromatin was stored at 4°C until use.

Cell lines {#s4-3}
----------

HeLa cells were a gift from Dr. Anjana Rao (La Jolla Institute for Immunology). MCF10A cells were a gift from Dr. Jichao Chen (The University of Texas MD Anderson Cancer Center). The MCF10A and HeLa cells were not authenticated. The MCF10A cells and HeLa cells were tested for mycoplasma and found to be negative for mycoplasma contamination.

Cell culture {#s4-4}
------------

MCF10A cells (non-tumorigenic mammary epithelial cells) were maintained in DMEM/F-12 medium (Gibco) supplemented with 20 ng/mL EGF, 500 ng/mL hydrocortisone (Sigma), 10 μg/mL insulin (Sigma), 100 ng/mL cholera toxin (Sigma), 100 U/mL penicillin and 100 µ/mL streptomycin (Gibco), and 5% horse serum (Gibco) at 37°C and 5% CO~2~. HeLa cells (human cervical carcinoma cells), HT1080 cells (human fibrosarcoma cells), SW480 cells (human colorectal adenocarcinoma cells), and 293 T cells (derived from primary human embryonic kidney cells) were maintained in DMEM, high glucose medium (Corning) supplemented with 10% fetal bovine serum (Gibco) and 100 U/mL penicillin and 100 µ/mL streptomycin (Gibco) at 37°C and 5% CO~2~.

Cell transfection {#s4-5}
-----------------

In each series of experiments, cell transfections with chromatin or DNA donor templates were performed by following standard protocols under exactly the same conditions. Transfection of HeLa cells was performed with Lipofectamine 3000 (Invitrogen) according to the manufacturer\'s recommendations. Linear polyethylenimine (PEI 25K; 25,000 MW; Polysciences, Inc) was used for transfection of MCF10A cells at a PEI:DNA mass ratio of 3:1. The transfections were performed as follows. 5 × 10^5^ cells/well were plated in six well plates the day before transfection. For each CRISPR-Cas9 target locus, cells were co-transfected with equal amounts of the target-specific donor repair template (as free plasmid DNA or chromatin) and the Cas9 coding plasmid containing the target-specific single guide RNA sequence. For HeLa cells, DNA (1.25 µg) or chromatin (containing 1.25 µg of DNA) was used in each transfection (except for the experiment in [Figure 3---figure supplement 3](#fig3s3){ref-type="fig"}, in which 1.25 µg of the Cas9 coding plasmid containing the single guide targeting the *GAPDH* locus was co-transfected with 0.625 µg, 1.25 µg, or 1.875 µg of donor template DNA as naked DNA or chromatin); for MCF10A cells, DNA (1.5 µg) or chromatin (containing 1.5 µg of DNA) was used in each transfection.

FACS and flow cytometry analysis {#s4-6}
--------------------------------

At 24 hr post-transfection, cells were detached with 0.25% trypsin (Corning). After centrifugation, the cell pellets were resuspended in culture media containing 250 ng/mL DAPI (Sigma). mCherry-positive, DAPI-negative cells were sorted by FACS and collected in six well plates (HeLa cells; 100,000 cells/well) or 24 well plates (MCF10A cells; 30,000 cells/well). Then, the cells were passaged twice before the analysis of the expression of GFP by flow cytometry. GFP-positive single-cells were sorted by FACS into 96 well plates. To determine the percentage of GFP-positive cells, at least 100,000 cells of each condition were analyzed by flow cytometry with a BD FACSAria Fusion or a BD FACSAria2 instrument at the Human Embryonic Stem Cell Core Facility (UCSD). The BD FACSDiva Software was used for data acquisition, and data analysis was performed with FlowJo version 10.6.1 (BD).

Molecular analysis of the targeted loci {#s4-7}
---------------------------------------

Genomic DNA samples from wild-type cells as well as from independent GFP-positive clones were isolated with the Quick Extract DNA extraction solution (Lucigen) by following the manufacturer\'s recommendations, and were then subjected to PCR analysis. First, the occurrence of edited alleles was analyzed with primers that flank the 5\' and 3\' homology arm sequences (and thus do not contain sequences in the donor template) at the location in which the GFP DNA was inserted. The specific primers that were used are as follows: *GAPDH*, F1: TGACAACAGCCTCAAGATCATCAGG, R1: GATGGAGTCTCATACTCTGTTGCCT; *RAB11A*, F1: TGGGAAGTGGACATCATTGG, R1: GACCCTCCAATATGTTCTGT; *ACTB*, F1: AATGCTGCACTGTGCGGCGA, R1: ATGGCATGGGGGAGGGCATA. Then, genomic DNA from potentially homozygous GFP-positive clones was analyzed by long-range PCR analysis with LongAmp Hot Start *Taq* DNA Polymerase (NEB), as described by [@bib16]. The primers that were used are as follows. *GAPDH*, F2: CTCCTGCAGTGATTTGTTTCTTCTT, R2: ACTCATTCTCCCAACACACATCAAA; *RAB11A*, F2: GCTTTATCTTCTTTTTGCTCACCTG, R2: GTGTCCCATATCTGTGCCTTTATTG; *ACTB*, F2: ATGAATAAAAGCTGGAGCACCCAA, R2: TTGTGCAGCTATACGCAAGATTAAG. The locations of the PCR primers at the *GAPDH*, *RAB11A*, and *ACTB* loci are depicted in [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}. To confirm the integrity of the homozygous clones obtained with chromatin donor templates, we determined the DNA sequences of three *GAPDH* clones and three *ACTB* clones across the insertion junctions and found that the GFP sequences were precisely inserted into the target sites in all six clones.

Statistical analysis {#s4-8}
--------------------

The two-tailed Welch t-test with alpha = 0.05 was performed by using GraphPad Prism version 8.4.1 (GraphPad Software).
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**Acceptance summary:**

The targeted integration of DNA sequences constitutes an important aspect of gene editing. Current techniques are quite inefficient, and the authors found that chromatinized templates enhance targeting efficiencies at three different gene loci. In addition, the authors report an increase in targeting both alleles using chromatinized templates. These observations constitute a critical technical advance that will facilitate certain gene targeting experiments.
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The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

The targeted integration of DNA sequences constitutes an important aspect of gene editing. Current techniques are quite inefficient, and the authors found that chromatinized templates enhance targeting efficiencies at three different gene loci. In addition, the authors report an increase in bi-allelic targeting events using chromatinized templates. These observations constitute a critical technical advance that will facilitate certain gene targeting experiments.

The experiment involves co-transfection of the chromatin donor, along with plasmids expressing Cas9 and single guide RNAs. A few different targeted loci are tested in MCF10A cells, which is an appropriate model cell line, and one is tested in HeLa cells. The donor has a promoterless GFP, so homologous integration should cause GFP+ cells. As well, through isolation of GFP+ clones, targeted integration is confirmed, and an apparent increase in homozygous targeting is shown. Altogether, the approaches are appropriate to test the hypothesis that a chromatin donor causes a greater frequency of homologous recombination, compared to a protein-free donor. These findings will likely be of broad interest, however, there are issues of rigor and controls that should be addressed.

Essential revisions:

1\) There is a concern with the limited evidence of reproducibility. Throughout the manuscript, it appears that representative n=3 experiments are shown, without statistics. In the Materials and methods section, it is stated that 2 biological replicates were performed, but the data do not appear to be shown. All the frequency data for experiments that had working controls should be shown. The raw HR frequencies will vary between experiments, which is fine, but such data should be shown. In particular, in each figure, for the flow cytometry frequency data, data from additional replicates should be shown, and in the main figure. This will give the reader the sense of variability among experiments for the raw data, as well as any variability in the fold-effect for the chromatin DNA template at individual targeted sites.

2\) There are no statistics in the manuscript. In addition to statistics for the effect of the chromatin template for frequencies of GFP+ cells, for the clonal analysis, an appropriate statistical test should be employed for homozygous vs. heterozygous targeting.

3\) The nature of the chromatin should be spelled out at the beginning of the Results section. What is known about the nature of the native *Drosophila* chromatin used? Does it tend to have a broad mix of histone tail modifications? How do these histone tail modifications relate to what is found in human cell lines? If the precise nature of the chromatin is not well understood, at least this should be stated in the Results section and Discussion section.

4\) An unlikely issue with the PCR confirmation is the possibility of primer jumping that will artificially appear as targeted clones. The homozygous targeted clones could also reflect one targeted allele, and a large deletion on the other allele, based on the work of Allan Bradley (PMID: 30010673). While these possibilities may be unlikely, some PCR analysis of homozygous clones using more distant primers, again as performed by the Bradley laboratory (e.g. with LongAMP polymerase / NEB) would help ensure that these are bona fide targeted events.
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>
> The experiment involves co-transfection of the chromatin donor, along with plasmids expressing Cas9 and single guide RNAs. A few different targeted loci are tested in MCF10A cells, which is an appropriate model cell line, and one is tested in HeLa cells. The donor has a promoterless GFP, so homologous integration should cause GFP+ cells. As well, through isolation of GFP+ clones, targeted integration is confirmed, and an apparent increase in homozygous targeting is shown. Altogether, the approaches are appropriate to test the hypothesis that a chromatin donor causes a greater frequency of homologous recombination, compared to a protein-free donor. These findings will likely be of broad interest, however, there are issues of rigor and controls that should be addressed.

We thank Wolf, Michael, Jeremy, and Jessica for their positive and enthusiastic assessment of this work and for their insightful recommendations. We have incorporated all of the recommended modifications into the revised manuscript as follows.

1\) We added the requested raw data.

2\) We added statistical analyses, and display the data as scatter plots instead of bar graphs.

3\) We added a discussion of the core histones.

4\) We performed the long-range PCR with LongAmp polymerase.

I might also mention that the revised text also uses the term \"homozygous\" instead of \"biallelic\" to describe the precise integration into both alleles of the target loci in the diploid MCF10A cells.

We appreciate your very constructive and helpful recommendations that have substantially improved the quality of this work.

> Essential revisions:
>
> 1\) There is a concern with the limited evidence of reproducibility. Throughout the manuscript, it appears that representative n=3 experiments are shown, without statistics. In the Materials and methods section, it is stated that 2 biological replicates were performed, but the data do not appear to be shown. All the frequency data for experiments that had working controls should be shown. The raw HR frequencies will vary between experiments, which is fine, but such data should be shown. In particular, in each figure, for the flow cytometry frequency data, data from additional replicates should be shown, and in the main figure. This will give the reader the sense of variability among experiments for the raw data, as well as any variability in the fold-effect for the chromatin DNA template at individual targeted sites.

Thank you for this helpful request and clarification, as we were not quite sure about exactly what to include in the manuscript. We now clearly indicate in the revised manuscript that we performed three biological replicates for the HDR experiments at each of the three target loci in MCF10A cells and three biological replicates at the *GAPDH* locus in HeLa cells.

We have now included all of the raw data for these experiments as follows.

a\) Flow cytometry. We added the following raw data:

New Figure 1---figure supplement 4

New Figure 3---figure supplement 1

New Figure 3---figure supplements 3A and 3B

b\) Standard PCR experiments. We added the following raw data:

New Figure 2---figure supplement 2A and 2B

New Figure 2---figure supplement 3A and 3B

New Figure 2---figure supplement 5A and 5B

New Figure 3---figure supplement 2A

c\) New long-range PCR experiments (point 4, below). We added the following raw data:

New Figure 2---figure supplement 2C

New Figure 2---figure supplement 4A and 4B

New Figure 2---figure supplement 5D

New Figure 3---figure supplement 2B

d\) In addition, we have now revised the bar graphs to scatter plots. The scatter plots show the individual data points rather than the averages, and are as follows:

Revised Figure 1C

Revised Figure 1D

Revised Figure 2B

Revised Figure 3B

Revised Figure 3E

Revised Figure 3---figure supplement 3C

> 2\) There are no statistics in the manuscript. In addition to statistics for the effect of the chromatin template for frequencies of GFP+ cells, for the clonal analysis, an appropriate statistical test should be employed for homozygous vs. heterozygous targeting.

Thank you very much for this recommendation, which enhances the quality of the analysis. We analyzed the data by using Welch\'s t-test because it is more robust than the more commonly used Student\'s t-test (with which we obtained lower *p*-values than with Welch\'s t-test). The *p-*values for the experiments are now given in the revised figure legends. In addition, as mentioned above in point 1 (part d), we have replaced the bar graphs with scatter plots. The scatter plots are much more informative than the bar graphs.

> 3\) The nature of the chromatin should be spelled out at the beginning of the Results section. What is known about the nature of the native *Drosophila* chromatin used? Does it tend to have a broad mix of histone tail modifications? How do these histone tail modifications relate to what is found in human cell lines? If the precise nature of the chromatin is not well understood, at least this should be stated in the Results section and Discussion section.

Thank you for this question. We previously analyzed the core histones from *Drosophila* embryos by mass spectrometry (Levenstein and Kadonaga, 2002), and found that the histones contain a broad mixture of covalent modifications. The precise nature of covalent modifications has not been resolved.

As recommended, we added the following sentence at the beginning of the Results section.

"The chromatin was reconstituted by using salt dialysis methodology with plasmid DNA and purified core histones from *Drosophila* embryos, which contain a broad mixture of covalent modifications that have not been precisely resolved (Levenstein and Kadonaga, 2002)."

We also added the following paragraph in the Discussion section.

"In this regard, it is notable that we reconstituted chromatin by using native core histones from *Drosophila* embryos. These histones contain an undefined broad mixture of covalent histone modifications (Levenstein and Kadonaga, 2002). Because the core histones and their modifications are highly conserved throughout eukaryotes, it seems likely that similar results would be obtained with core histones from other sources. It is possible, however, that the magnitude of enhancement of HDR by chromatin could be further increased by variation of the core histone sequences and modifications."

> 4\) An unlikely issue with the PCR confirmation is the possibility of primer jumping that will artificially appear as targeted clones. The homozygous targeted clones could also reflect one targeted allele, and a large deletion on the other allele, based on the work of Allan Bradley (PMID: 30010673). While these possibilities may be unlikely, some PCR analysis of homozygous clones using more distant primers, again as performed by the Bradley laboratory (e.g. with LongAMP polymerase / NEB) would help ensure that these are bona fide targeted events.

Thank you very much for this helpful suggestion. We performed long-range PCR on 115 of our apparently homozygous clones with LongAmp Hot Start *Taq* DNA Polymerase (NEB), as in Kosicki et al., (2018) (new Figure 2---figure supplement 2, Figure 2---figure supplement 4, and Figure 2---figure supplement 5; new Figure 3---figure supplement 2). We found that two out of the 115 apparently homozygous clones appeared to contain one chromosome with a properly edited allele and one chromosome with a large deletion in the other allele (new Figure 2---figure supplement 2). Hence, as recommended by the reviewers, these results thus highlight the importance of carrying out long-range PCR analysis of apparently homozygous clones. In addition to the new figures cited above, the text has been modified as follows.

"In addition, by performing long-range PCR as in Kosicki et al., (2018), we identified two apparently homozygous clones that contained one chromosome with a precisely edited allele and one chromosome with a large deletion at the other allele (Figure 2---figure supplement 2). Hence, in the generation of homozygous clones, it is important to carry out both standard and long-range PCR analyses."
